The process of drug discovery includes individual synthesis and characterization of drug candidates, followed by a biological screening, which is separated from synthesis in space and time. This approach suffers from low throughput and associated high costs, which in turn lead to inefficiency in the field of drug discovery. Here, we present a miniaturized platform combining combinatorial solid-phase synthesis with high-throughput cell screenings. The method is based on the formation of nanoporous poly(2-hydroxyethyl methacrylate-co-ethylene dimethacrylate) layers patterned with hydrophilic spots separated from each other by superhydrophobic liquidimpermeable barriers. The porous polymer inside the hydrophilic spots is used as a support to conduct solid-phase synthesis. The hydrophilic spots can be then filled with droplets containing either reagents for synthesis or live cells. Upon irradiation with UV light, products of solid-phase synthesis are released from the porous polymer because of the photo-cleavable linkers used and diffuse into separate droplets. The light-induced release of the products allows the control of the release spatially, temporally, and quantitatively. To demonstrate the versatility and usability of the platform for various cell lines, we have successfully implemented peptide synthesis to create an exemplary chemical library and demonstrated high cell viability after the UV-triggered small-molecule release.
Introduction
Drugs play a pivotal role in the history of the humankind. The demand for new drugs is high, not only because of drug-resistant pathogens and the need for better, less-toxic drugs but also because there are just on average only 8 novel first-in-class drugs per year, approved by the Food and Drug Administration [1, 2] . The world is undersupplied with drugs, mainly because of the inefficiency and the high costs of the whole drug-discovery pipeline, which is reflected in averaged 15-22 years and US$ 800 million to US$ 2 billion required for a single drug to enter the market [3, 4] , despite enormously high investment in this field and more than 10,000 biotechnology and pharmaceutical companies worldwide.
There are about 18 million purchasable drug-like compounds available in various commercial chemical libraries [5] , such as ChemBridge or ChemDiv. These libraries have been accumulated over the last [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] years from different sources but usually from individual syntheses performed by different researchers worldwide. Notably, a one-by-one synthesis of compounds that will be included in a chemical library, performed according to standard wet chemistry approaches, requires large amounts of reagents and solvents. Taken with the need of consequent characterization and isolation of new compounds, it makes the efficiency of synthesis of drug-like molecules extremely low and not compatible with the demand for high-throughput (HT) screenings.
To solve this problem, pharmaceutical companies use combinatorial chemistry and HT screening methods to synthesize and test large chemical libraries. Cell screenings are usually performed in 96-or 384well plates; so, to achieve high throughput, thousands of microtiter plates have to be used. This approach suffers from several drawbacks, such as consumption of large amounts of cells and valuable reagents as well as the need to use robotics to transfer libraries of chemicals into the microtiter plates [6, 7] .
Miniaturization and array formats, accompanied by parallelization, can solve some of these problems. The microarray technology enables rapid synthesis of various compounds, including DNA [8] [9] [10] , peptides [11, 12] , proteins [13] , small molecules [11, 14, 15] , oligosaccharides [16, 17] , and synthetic polymers [18] . Although these methods have provided significant development in the field of HT synthesis in the past years, providing high miniaturization and avoiding transfer step, the scope of the assays that can be performed with surface-bound molecules is limited because the final biological assays are usually performed in bulk solutions [19] [20] [21] [22] . Importantly, cell interaction with soluble cues cannot be assayed in bulk solution because of cross-contamination caused by lateral diffusion of compounds. Therefore, a technology combining miniaturized HT chemical synthesis in confined volumes and cell screening on the same platform is highly anticipated.
Recently, we established a miniaturized screening platform based on the array of nanoliter-sized droplets (droplet microarray [DMA] platform) [23] . DMA has proved itself to serve as a convenient and versatile platform for HT screening of single cells [24] , suspension and adherent cells [25, 26] , cell spheroids [27] , and even single fish-embryos [28] . DMA was also used to perform HT screening on stem cells [29, 30] and is optimized for reversed cell transfection [31] .
In the present study, we modify DMA to be used as a miniaturized platform for combinatorial solid-phase synthesis of small molecules and subsequent biological screenings, which resulted in chemBIOS workflow (chemical synthesis is combined with biological readout on the same glass slide); chemBIOS workflow was previously validated for liquid-based synthesis [32] . Owing to compartmentalization, each droplet serves both as a separate reaction compartment and as a microreservoir for culturing cells, rendering library transfer step redundant and enabling high spatial control. Arrayed format enables the combinatorial approach without the need for decoding. The use of a photo-cleavable linker for solid-phase synthesis allowed us to control the concentration of the final drug in separated individual droplet compartments by changing the irradiation time. Finally, a peptide synthesis was established as a model reaction, and HEK293T cells were tested in regard of maintaining cell viability upon UV irradiation to highlight the convenience and future potential of the chemBIOS method.
Materials and methods
The glass slides were purchased from Schott Nexterion (Jena, Germany). Ninhydrin and piperidine were purchased from Alfa Aesar (Ward Hill, Massachusetts, USA). 4-Pentynoic acid was purchased from Apollo Scientific (Bredbury, UK). Fmoc-Glu(OtBu)-OH and Fmoc-Gly-OH were purchased from Bachem (Bubendorf, Switzerland). Fmoc-Val-OH, Fmoc-Ala-OH, and Fmoc-Leu-OH were purchased from Iris Biotech (Marktredwitz, Germany) and kindly provided by Dr. Parvesh Wadhwani, Institute of Biological Interfaces, KIT. Hydrochloric acid (37%), ethanol, ethanol absolute, acetone, 4-(dimethylamino)pyridine, 4-[4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy]butanoic acid (hydroxyethyl photolinker), pyridine, methanol, N,N-dimethylformamide, acetic acid anhydride, and phenol were purchased from Merck (Darmstadt, Germany). 1-Hydroxybenzotriazole was purchased from Molekula (Newcastle upon Tyne, UK). Sodium hydroxide, 3-(trimethoxysilyl)propyl methacrylate, 2-hydroxyethyl methacrylate, ethylene dimethacrylate, 1-decanol, cyclohexanol, 2,2-dimethoxy-2-phenylacetophenone, 1H,1H,2H,2H-perfluorodecanethiole, cysteaminium chloride, and potassium cyanide were purchased from Sigma-Aldrich (St. Louis, Missouri, USA). Calcein AM was purchased from Life Technologies GmbH (Darmstadt, Germany), and propidium iodide (PI), from Invitrogen (Merelbeke, Belgium).
If not stated differently, all chemicals were used without further purification.
Functionalization of DMA slide with the linker
The DMA slides were prepared according to the previously published procedure [23, 25, 33] . Briefly, a microscope glass slide was coated with a layer of nanoporous poly(2-hydroxyethyl methacrylate-co-ethylene dimethacrylate) (HEMA-co-EDMA) (using fluorinated glass slide during photopolymerization), taped with a sticky film to increase roughness of the surface and subsequently esterified using 4-pentynoic acid. The pattern of repeating superhydrophobic and hydrophilic properties was created by using the corresponding photomask via thiol-yne photoclick reaction using 1H,1H,2H,2H-perfluorodecanethiole and cysteaminium chloride or β-mercaptoethanol, respectively. To functionalize the hydrophilic spots with the linker, (4-[4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy]butanoic acid), diisopropyl carbodiimide (DIC), and 1-hydroxybenzotriazole were mixed in dimethylformamide (DMF) to a final concentration of 0.03 M, 0.3 M, and 0.3 M, respectively. In each 2.83-mm spot of the DMA slide functionalized with cysteaminium chloride, 10 μL of solution was pipetted and incubated in dark at room temperature for 18 h (overnight). The DMA slide was then washed with acetone and dried in nitrogen flow. The unreacted amino groups of cysteamine were then capped using a 10% solution of pyridine in acetic acid anhydride. In each spot, 10 μL of capping solution was pipetted. After 5 min, the DMA slide was washed with acetone and dried in nitrogen flow.
Analytics
The static contact angle was measured using a Drop Shape Analyzer DSA25 (Krüss) by applying 50 μL of deionized water on a nonfunctionalized hydrophilic surface and on a hydrophilic surface, functionalized with linker and capped with acetic anhydride.
For kinetic experiments (attenuated total reflection infrared [ATR-IR spectroscopy, time-of-flight secondary ion mass spectrometry [ToF-SIMS]), several spots of a DMA slide were functionalized with the linker as described previously, with exposure of the hydrophilic spots to the linker solution at different times (e.g. in the range of 1 h-18 h). After functionalization with the linker, capping of the unreacted amino groups, and thorough washing in acetone and drying in nitrogen flow, the DMA slide was subjected to the respective analytical method. For ToF-SIMS depth profiling, different polymer thicknesses were adjusted during the polymerization process by using Teflon film spacers of 6-and 25-μm thickness. The exact final thickness of the polymer layer was determined by profilometry (Dektak XT Stylus Profiler; Bruker Nano, Karlsruhe, Germany).
X-ray photoelectron spectroscopy (XPS) measurements were performed on the DMA slide, which was exposed to the linker solution for 18 h.
XPS measurements
XPS measurements were performed using a K-Alphaþ XPS spectrometer (ThermoFisher Scientific, East Grinstead, UK). Data acquisition and processing using the Thermo Avantage software is described elsewhere [34] . All samples were analyzed using a microfocused, monochromated Al Kα X-ray source (400-μm spot size). The K-Alphaþ charge compensation system was used during analysis, using electrons of 8-eV energy and low-energy argon ions to prevent any localized charge buildup. The spectra were fitted with one or more Voigt profiles (BE uncertainty: AE 0.2 eV) and a Shirley background. Scofield sensitivity factors were applied for quantification [35] . All spectra were referenced to the C 1s peak (C-C, C-H) at 285.0-eV binding energy controlled by means of the well-known photoelectron peaks of metallic Cu, Ag, and Au, respectively. The K-Alpha þ snapmap option was used to image an area of 3 Â 3 mm with an X-ray spot of 200 μm (5 iterations were run to reach a better statistic).
Time-of Flight Secondary Ion Mass Spectrometry
ToF-SIMS was performed on a ToF-SIMS-5 instrument (ION-TOF GmbH, Münster, Germany) equipped with a Bi cluster primary ion source, argon cluster source for depth profiling, and a reflectron-type ToF analyzer. Ultra-high vacuum (UHV) base pressure was <10 À8 mbar. For high mass resolution, the Bi source was operated in 'high current bunched' mode providing short Bi 3 þ primary ion pulses at 25 keV energy, a lateral resolution of approximately 4 μm, and a target current of 1 pA at 20 kHz repetition rate. The short pulse length of 1.1 ns allowed for high mass resolution. The primary ion beam was rastered across a 500Â500 μm 2 field of view on the sample, and 128Â128 data points were recorded. Larger fields of view were recorded by scanning the primary beam and moving the sample stage. Primary ion doses were kept below 10 11 ions/cm 2 (static SIMS limit). For charge compensation, an electron flood gun providing electrons of 21 eV was applied, and the secondary ion reflectron, tuned accordingly. Spectra were calibrated on the omnipresent C À , C 2 -, C 3 À , or on the C þ , CH þ , CH 2 þ , and CH 3 þ peaks. Based on these data sets, the chemical assignments for characteristic fragments were determined. For depth profiling, a dual beam analysis was performed in noninterlaced mode: The primary ion source was again operated in 'high current bunched' mode with a scanned area of 100 Â 100 μm 2 (3 frames with 64Â64 data points), and a sputter gun (operated with Ar 1500 þ ions, 20 keV, scanned over a concentric field of 300Â300 μm, target current 9 nA) was applied to erode the sample followed by a 1.5-s pause for charge compensation. Thus, the sputter ion dose density was >1000 times higher than the Bi ion dose density. This approach allows the recording of larger molecular fragments, such as C 4 H 5 O 2 À , from the base polymer backbone throughout the eroded polymer layer of several μm thickness.
Fourier-transform infrared spectroscopy
A Bruker Tensor 27 Fourier-transform infrared (FTIR) spectrometer (Bruker Optik GmbH, Ettlingen, Germany) was used to obtain the IR spectra of the samples.
All samples were measured in attenuated total reflection geometry without additional preparation on a Bruker Platinum ATR accessory equipped with a diamond crystal, 45 angle of incidence, and one reflection. Spectral range of 4000-370 cm À1 was recorded with a scanner velocity of 10 kHz and a spectral resolution of 4 cm À1 (32 scans). The reference spectra were taken from air. All spectra were evaluated using the Bruker OPUS software.
Linker loading determination and photorelease kinetic measurements
Two stock solutions were prepared and stored at 8 C: To perform the Kaiser test, the solution 1 was mixed with solution 2 in a 4:1 ratio immediately before the experiment. Ten microliters of the mixture was pipetted manually in each spot. As a negative sample, a DMA slide with the same pattern size but with hydrophilic spots functionalized with β-mercaptoethanol instead of cysteamine was treated in the same way. Both samples were heated on a heating plate at 50 C for 5 min, and the liquid of both spots was pipetted off and diluted to 1 mL with a methanol/H 2 O (1:1) solution; the absorbance was measured at 570 nm.
To study the photorelease properties of the linker, glycine was attached to the linker, as described in the following, and then the kinetics of its phototriggered detachment was studied. After UV irradiation (0.5-15 min, 9 data points), the liquid from two spots was pipetted off and added to a mixture of 100-μL solution 1 and 25-μL solution 2 in a vial. For the negative control, deionized water was used instead of the droplet volume. Both were then heated in a water bath at 50 C for 5 min, diluted to 1 mL with methanol/H 2 O (1:1), and measured using LAMBDA™ 35 UV spectrometer (PerkinElmer, Waltham, Massachusetts, USA). A molar extinction coefficient of ε ¼ 15700 L•mol À1 cm À1 was used to calculate the concentration by the Beer-Lamberts law.
Fmoc-based peptide synthesis
For the overall library scheme, see Fig. 5C and Fig. S7 . The DMA slide was functionalized with linker as described previously. For attaching the first amino acid onto the linker 24 μL of a 0.1 M solution of the corresponding Fmoc-protected amino acid in DMF, 8 μL of a 0.1 M solution of 4-dimethylaminopyridine (4-DMAP) in DMF and 8 μL of DIC were premixed in a vial and applied along one row of the DMA slide (4 spots). This was repeated for glycine, valine, alanine, and leucine according to the scheme. During the reaction time of 18 h, the DMA slide was stored in dark at room temperature. Subsequently, the slide was extensively washed with acetone and immersed in dichloromethane (DCM) for 1 h.
For coupling the following amino acids, 24 μL of a 0.1 M solution of the corresponding Fmoc-protected amino acid in DMF, 8 μL of 0.3 M solution of 1-hydroxybenzotriazole (1-HOBt) in DMF, and 8 μL of DIC were premixed in a vial, applied in the same manner according to scheme along one row of the DMA slide (4 spots), and incubated at room temperature in dark for 4 h. Then, the slide was extensively washed with acetone and immersed in DCM for 1 h. The coupling step was repeated two times to obtain a library of 16 tripeptides.
Before each coupling step, the amino acids have to be deprotected. The deprotection of the amino group was carried out by immersing the whole slide into a solution of 20% piperidine in DMF for 1 h.
Cell viability assays
Four DMA slides were functionalized with linker and capped with acetic anhydride as described previously, followed by sterilization by immersing in 70% ethanol in water for 1 h in dark. Slides were then airdried for at least 15 min. While drying, a 2.2% w/v gelatin solution was prepared by adding 3 mL of sterile cell medium to 66 mg of gelatin from bovine skin. To increase the solubility of gelatin, the solution was gently warmed in a water bath at 37 C. Once gelatin was completely dissolved, the solution was sterilized by filtering through a sterile 0.22-μm filter. The gelatin solution was then applied onto all DMA spots via rolling droplet to produce evenly distributed droplets. The DMA slide was then incubated for 1 h at 37 C, followed by air-drying of gelatin for 1 h. In each spot, 8 μL of HEK293T cell suspension (4.23•Â 10 5 cells ml -1 ) were pipetted, followed by incubation for 3 h at 37 C. Three slides were illuminated with UV light (364 nm) for 5, 10, and 15 min respectively, and one slide served as a control. Four slides were incubated overnight at 37 C and stained, using live/dead staining with PI and calcein AM.
Results and discussion
DMA comprises a standard microscopic glass slide with a 6-μm thick layer of poly(HEMA-co-EDMA) chemically immobilized to the glass surface (Fig. 1A) . The HEMA-co-EDMA polymer surface was functionalized via esterification with 4-pentynoic acid, followed by patterning via the UV-induced thiol-yne click reaction [31] with either cysteamine hydrochloride or 1H,1H,2H,2H-perfluorodecanethiol to form round hydrophilic (HL) spots with a diameter of 2.83 mm (HL, static water contact angle [WCA], θ st ¼ 4.4 ) [31] surrounded by superhydrophobic (SH; θ adv ¼ 173 , θ st. ¼ 170 , and θ rec ¼ 164 ) [31] borders of 0.3 mm (Fig. 1A) .
Owing to the extreme difference in wettability between SH and HL areas, aqueous solutions, such as cell suspension, applied onto such surface spontaneously form an array of separated microdroplets via discontinuous dewetting [36] . Some organic solvents, such as DMF and dimethyl sulfoxide (DMSO) can also be confined into hydrophilic spots, despite their low surface tensions (37.10 and 43.54 mN/m, respectively).
Previously we established two general workflows for screening of compound libraries. The first method involves a library transfer using the 'sandwiching approach' (Fig. S1A) [23] . In the 'reversed drug treatment approach,' the library of compounds is printed directly onto the spots of a DMA slide (Fig. S1B) [25] . In both approaches, the screening is started as soon as cells get in contact with printed compounds and in all droplets simultaneously, thus limiting the spatiotemporal control. The chemBIOS method was, therefore, designed to give more control over time and position where the screening is performed (Fig. S1C ).
Photolytic cleavage of small molecules from the solid phase offers several crucial advantages over the chemical one [37] . Photolabile linkers can only be cleaved upon exposure to the light, which broadens the scope of reactions that can be used in small-molecule synthesis in comparison with chemically cleavable linkers, which can be cleaved, for example, under acidic conditions. Another important factor is the non-contaminant and non-contact nature of light. It is critical if small molecules released from the solid phase are directly used in biological assays [36] . The cleavage upon light irradiation also has higher spatial and temporal resolution than the chemical one, which is essential for screening applications. Furthermore, the intensity and wavelength of light can be adjusted and controlled, which enables facile fine-tuning of releasing properties.
In developing the method of combinatorial solid-phase synthesis on the DMA slide, we chose the [4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy]-butanoic acid as the photocleavable linker [38] (represented in Fig. 1A as corresponding amide L). This linker releases acids by UV irradiation at 364 nm, which has been proven not to affect cell viability [39, 40] . The side product of cleavage remains bound to the solid phase. The mechanism of the cleavage is depicted in Fig. S2 .
Loading of linker
The high surface area of the porous polymer layer (9 m 2 /g) provides numerous accessible reaction sites, while the permeability enables diffusion of chemicals, so the linker can react throughout the polymer layer and not only on the topmost surface. First, we decorated the hydrophilic spots of DMA with amino groups, so linkers carrying carboxylic group could be anchored to the DMA slide as an amide (Fig. 1A) . In the next step, we inactivated the unreacted amino groups by formation of an amide with acetic acid anhydride and pyridine as an acid scavenger.
We have determined the linker content on the surface spectrophotometrically by the Kaiser test [41] to be 1.63 nmol/mm 2 . Spots were functionalized with linkers, and unreacted amino groups were capped with acetic acid anhydride as described previously. Spots functionalized with the linker and capped with acetic acid anhydride stay hydrophilic, with predictably elevated static WCA of 29AE1 in comparison with the non-functionalized spot (static WCA ¼ 4.4 ). We then determined the kinetics of cleavage by measuring the concentration of a photoreleased compound in the droplet upon exposure to the UV light after distinct time periods (Fig. 4B ). Glycine was used as a model compound and was attached and deprotected as described previously. We determined the concentration of glycine photoreleased after UV irradiation spectrophotometrically via the Kaiser test for all irradiation times. We calculated concentration of glycine in the droplet and plotted against the irradiation time, yielding the release curve (Fig. 4B) . The linker half-life (time, at which half of the molecules attached to the linker are cleaved) under UV exposure was measured to be around 3 min. The rapid photolytic cleavage of the linker in aqueous environment is important for the application of UV-induced drug release process under biologically relevant conditions. The half-life value is comparable with literature-known values for photolysis in the liquid phase [38] . The DMA slide, therefore, does not suffer from typical obstacles of resin-bound photolabile linkers, such as swelling of resin or light scattering, shadowing and shielding effects, which would increase the half-life of the linker [38] . Complete cleavage was achieved after 15 min of UV irradiation (Fig. 4B) , which is six times faster than in a comparable SPOT system, requiring dry cleavage [42] .
Characterization
We used ATR-IR measurements for in situ reaction monitoring. ATR-IR spectral data were collected for hydrophilic spots before incubation with linker and after incubation with linker for 1 h and overnight. Incubation of a hydrophilic spot with a 0.03 M linker solution, supplemented with 0.3 M DIC and 0.3 M 1-hydroxybenzotriazole, for 1 h led to the emergence of two new signals in IR spectra that could be assigned to the introduced nitro group (1518 cm À1 for N-O asymmetric vibration and 1336 cm À1 for N-O symmetric stretch) [43] . The intensity of these characteristic signals increased as the reaction proceeds overnight ( Fig. 2A) .
XPS measurements were performed on the spot before and after incubation with 0.03 M linker solution, supplemented with 0.3 M DIC and 0.3 M 1-hydroxybenzotriazole for 18 h (Fig. 2B) . Before incubation, the N 1s X-ray photoelectron (XP) spectrum indicated the presence of cysteamine with a component at 399.2 eV and a protonated form with a peak at 401.4 eV. After incubation with linker solution (Fig. 2B) , the signal at 399.2 eV is shifted to 399.8 eV, proving the addition of amide groups. An additional signal at 406.0 eV indicates the presence of the linker nitro group, thus revealing the successful attachment of the linker to the solid phase.
To investigate the kinetics of linker immobilization and the loading of the linker as a function of polymer thickness, ToF-SIMS measurements of polymer substrates with different polymer thicknesses and different linker incubation time were conducted. Despite the semiquantitative nature of ToF-SIMS, the relative intensity change of respective ions provides useful information about the kinetics of the reaction. A clear trend of NO 2 À intensity changing can be observed for different linker incubation times (Fig. 2C) . Therefore, to achieve complete loading, it is important to incubate the DMA slide with linker solution overnight.
Another important finding was that no NO 2 À signal was detected on spots times (1-18 h) . The distribution of the linker in 6-μm-thick polymer is uniform (Fig. 2D, Fig. S3 ). However, hydrophilic spots patterned on thicker polymer layers (26 μm), incubated with linker solution overnight, show a gradient of uniformly decreasing amount of linker toward the surface opposite of irradiation according to the NO 2 À signal in ToF-SIMS. This finding can be attributed to the decreasing amount of the cysteamine (CN À signal in ToF-SIMS), onto which the linker is covalently attached (Fig. S4 ). The signal of the linker decreased even faster for shorter incubation times (Fig. S5 ). Despite uneven distribution of the linker in the 26-μm-thick polymer, the depth-integrated signals of linker are the highest for the sample that was produced by incubating the hydrophilic spots with linker solution overnight. The signals decrease simultaneously with the incubation time, which again stressed the importance of incubation of hydrophilic spots with linker solution overnight (Fig. S6 ).
Confinement on DMA
The confinement of solution is an essential prerequisite for using hydrophilic spots as distinct microreservoirs without cross contamination between the individual spots. We have proved the confinement of solutions in the bulk of polymer and on top of the slide by XPS (Fig. 3A , area between the spots) and depth profiling via ToF-SIMS ( Fig. 3B , cutout of the spot including surrounding). The linkercontaining liquid could wet only hydrophilic spots, so the linker was attached only to the cysteamine of the hydrophilic spots, as seen from the intensity of combined N 1s signals of amide and nitro groups (referred to the presence of linker inside the hydrophilic spots; Fig. 3A Fig. S7 ). (C) General reaction scheme of tripeptides (AA 1 AA 2 AA 3 ) cleavage from the solid phase; tripeptides bear a free carboxy group at the C-terminus. The photolinker stays attached to the solid phase. After the cleavage, tripeptides diffuse into separate water droplets and can be subjected to ESI-MS analysis. DMA, droplet microarray; HEMA-co-EDMA, 2-hydroxyethyl methacrylate-co-ethylene dimethacrylate.
the area between spots, on the other hand, depicts the high abundance of fluorine (right image, assigned to the fluorine, F 1s, 689.0 eV). The ToF-SIMS-assisted depth profiling of the interface area of the spot and the surrounding has shown NO 2 À signal only inside the spots and F À signal outside the spots. No NO 2 À signal was found within fluorinated borders, implying that linker-containing solution could not penetrate the fluorinated boarders, confirming the fluorinated borders seal the spot securely from the surrounding in the bulk of polymer (Fig. 3B ). Both XPS and ToF-SIMS measurements show the absence of the linker (and with it lack of active sites for solid-phase synthesis) within the fluorinated boarders, thus rendering them inert and unqualified to act as a solid-phase. These results clearly indicate that compartmentalization of liquids within the DMA works well and each spot serves as a confined microreactor with no evidence of cross contamination.
Combinatorial chemistry on DMA
To show the general possibility of solid-phase synthesis on DMA, we performed standard Fmoc chemistry (Fig. 4B) for an exemplary 16membered library of tripeptides.
For this, the hydrophilic spots were functionalized with the photolinker, as described previously (Fig. 1 ) and distinct tripeptides were synthesized according to the scheme (Fig. 5A, B and S7 ). Each pentynoic acid tethered to the HEMA-co-EDMA polymer layer acts as a branching point, bears two linker molecules, and thus doubles the overall number of reaction sites. The combinatorial approach was realized by applying the N-protected Fmoc amino acids glycine (Fmoc-Gly-OH), valine (Fmoc-Val-OH), alanine (Fmoc-Ala-OH), and leucine (Fmoc-Leu-OH) row wise and column wise. We applied amino acids along the rows of the DMA slide, starting with Fmoc-Gly-OH in row 1 and continuing with Fmoc-Val-OH in row 2, Fmoc-Ala-OH in row 3, and Fmoc-Leu-OH in row 4. All amino acids could be deprotected simultaneously by immersing the DMA slide in 20 vol% solution of piperidine in DMF. To conduct the second coupling step, we applied amino acids along the columns, starting with Fmoc-Gly-OH in column 1, continuing with Fmoc-Val-OH in column 2, Fmoc-Ala-OH in column 3, and Fmoc-Leu-OH in column 4. After repeating the deprotection step, we applied amino acids for the third coupling step in the following pattern: Fmoc-Leu-OH in column 1, Fmoc-Ala-OH in column 2, Fmoc-Val-OH in column 3, and Fmoc-Gly-OH in column 4 ( Fig. 5A ). After the final Fmoc deprotection step, we cleaved the tripeptides from the surface upon UV irradiation for 15 min (Fig. 5C ). The tripeptides along the diagonal, GGL, VVA, AAV, and LLG, were analyzed by electrospray ionization mass spectrometry (ESI-MS), confirming the presence of the corresponding [MþH þ ] peaks (Fig. S8A ). This shows that solid-phase synthesis of peptides in confined 10-μL volumes and their release into the corresponding droplets via photo-triggered cleavage can be performed without detectable cross contamination. The fact that the hydrophobic tripeptides could be released from the solid phase in the aqueous solution proves the suitability of the DMA for synthesis and release of drug-like molecules, which are mostly hydrophobic. The 16membered exemplary library could be constructed within 3 days, therefore requiring <1 h of active participation. Each 2.83 mm in the diameter spot can accommodate up to 10 μL of liquid, so liquid handling was conveniently done by manual pipetting. Smaller spots with varying geometry and less working volumes can be produced by using the corresponding photomask in the slide production process. For example, hydrophilic squares of 333x333 μm accommodate approximately 4 nL.
Although conducting chemical synthesis on arrays with smaller features makes automated liquid handling robotics necessary, it allows for a rapid, parallel, and highly miniaturized way to synthesize compound libraries. Being patterned with a 2.83-mm round spot pattern, a standard microscopic glass slide in the size of 75x26 mm can accommodate 80 different reactions, whereas the pattern of 333x333 μm squares amounts to 6048 distinct spots. Thus, a single glass slide can be potentially used for testing 6048 different combinations of starting compounds. On this scale, we assume to face challenges such as precise handling and dispensing of low volumes in nanoliter range, evaporation of liquids, and reaction monitoring, as well as analysis of the reaction yield and product purity. These aspects of the chemBIOS pipeline are currently under investigation.
Cell compatibility of the photo-triggered release
One of the key features of the combinatorial solid-phase synthesis using the chemBIOS workflow is the possibility to perform cell-based screenings directly on the same DMA slide after the synthesis part is accomplished and without the need to transfer the compounds onto another DMA slide or into the wells of microtiter plates. The 4-[4-(1hydroxyethyl)-2-methoxy-5-nitrophenoxy]butanoic acid as the UVtriggered linker, used for the solid-phase synthesis, can be cleaved using 364-nm UV light. To prove the harmlessness of the 364-nm UV light for cells cultured on the DMA slide, we have conducted a series of experiments on adherent HEK293T cells. Cells were seeded onto 4 separate DMA slides functionalized with hydroxyethyl photolinker as described previously. Three slides were illuminated with 364-nm UV light for 5, 10, or 15 min. After incubation for 18 h, we assessed the cell viability. These experiments demonstrate that the UV light used for triggering the compound release from the solid phase does not affect viability of HEK293T cells, as seen from life/dead staining on Fig. 4A and Fig. S9 .
Conclusions
Here, we demonstrated a miniaturized platform combining the possibility to perform combinatorial solid-phase synthesis with HT cell screenings. We used nanoporous poly(HEMA-co-EDMA) layers, which were patterned with hydrophilic spots separated from each other by superhydrophobic liquid-impermeable barriers. The porous polymer inside the hydrophilic spots was functionalized with photolabile linkers, which were used as a support to conduct solid-phase synthesis of a peptide library. We also demonstrated that the hydrophilic spots could be filled with solutions containing either reagent for the synthesis or live cells. Upon irradiation with UV light, products of the solid-phase synthesis could be released from the porous polymer and delivered into the separate droplets. Thus, the light-induced release of the products allowed us to control the release spatially, temporally, and quantitatively. We also showed that the amount of released compounds could be controlled by altering the irradiation time. To demonstrate the versatility and usability of the platform for various cell lines, we have demonstrated high cell viability after the UV-triggered release of the synthesized product. Liquid dispensers can be potentially used to accelerate the construction of chemical libraries and enable higher throughput combinatorial solid-phase synthesis using the chemBIOS pipeline. We believe that the ability not only to synthesize libraries of compounds but also to release them into individual cell microreservoirs with spatiotemporal control will lead to further advancement of miniaturized and HT cell-based assays.
